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Aims. We have observed the 6030 and 6035 MHz transitions of OH in high-mass star-forming regions to obtain magnetic field estimates in 
both maser emission and absorption. 

Methods. Observations were taken with the Effelsberg 100 m telescope. 

Results. Our observations are consistent with previous results, although we do detect a new 6030 MHz maser feature near -70 km s _I in the 
vicinity of W3(OH). In absorption we obtain a possible estimate of - 1 . 1 ± 0.3 mG for the average line-of-sight component of the magnetic field 
in the absorbing OH gas in K3-50 and submilligauss upper limits for the line-of-sight field strength in DR 21 and W3. 

Conclusions. These results indicate that the magnetic field strength in the vicinity of OH masers is higher than that of the surrounding, non- 
masing material, which in turn suggests that the density of masing OH regions is higher than that of their surroundings. 



Key words, masers - stars: formation - ISM: magnetic fields - radio lines: ISM - H n regions - ISM: molecules 



o 

CO 



>< 



1. Introduction 

The hydroxyl radical (OH) is one of the most commonly- 
observed molecules in astrophysical contexts. OH masers are 
seen in massive star-forming regions as well as other environ- 
ments, such as evolved stars and supernova remnants. Since 
they are small and often bright, their locations can be pin- 
pointed, and multi-epoch observations provide proper motions 
to submilliarcsecond astrometric accuracy. OH masers are also 
an excellent tracer of magnetic fields due to the large Zeeman 
splitting coefficients in the 2 Y1t,/2 ladder, which includes the 
ground-state transitions at 18 cm and the transitions in the first 
rotationally excited state at 5 cm. 

Our main motivation for this work is to address the ques- 
tion of whether cloud regions giving rise to OH masers are 
denser than the surrounding non-masing material. If true, this 
suggests that maser proper motions represent actual physical 
motions in the material, rather than unrelated travelling exci- 
tation phenomena. To this end, we aimed to identify sources 
with strong OH absorption and to obtain estimates of the 
magnetic field strength in the non-masing gas therein. The 
magnetic field strength is a reasonable proxy for the den- 
sity because both theoretical modelling dMouschoviasI 1 1 97*61 
iFiedler & Mousch oviaslll9 93l) and observations of molecular 
clouds (e.g.. ICmtchenll999i) indicate that the magnetic field 
scales as tf, k < 0.5 during collapse. This scaling holds 
over many orders of magnitude in density, and the few mil- 
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ligauss magnetic field strengths found from Zeeman splitting 
of the maser lines correspond well to the densities (~ 10 6 - 
10 7 cm" 3 ) that are thought to be conducive to their excitation 
JCesaroni & Walmslevil99ll) . 

It is necessary to observe excited-state transitions of 
OH because the spectra of high-mass star-forming regions 
with a large column density of OH are generally domi- 
nated by maser features in the ground state. Previous ob- 
servations of main-line 2 Yli/2,J = 7/2 absorption were 
successful in detecting the Zeeman splitting in one source 
(W3(OH)) and obtaining milligauss -scale upper limits in two 
other s (K3-50 and G10.624-0.385) fcjiisten. Fiebig. & Uchidal 
I l994[ lUchida. Fiebig. & Gustenl l200lt iFish. Reid. & Mentenl 
2005|). In this work we extend this technique to the main-line 
2 Tlj,/2,J = 5/2 transitions. Because this is a lower excited 
state, the spectra of many sources (e.g., W3(OH)) are domi- 
nated by strong masers. However, when uncontaminated ab- 
sorption is seen, Zeeman splitting is easier to detect, due to a 
larger Zeeman splitting coefficient than in the 7 = 7/2 transi- 
tions. 

Several surveys of the main-line 2 Tl2/2, 7 = 5/2 transitions 
have been underta ken previo usly. Chief among them are the 
survey bv iBaudrv et al.l dl997l henceforth B97) in the northern 
hemisphe re and a se r ies of surve ys in the southern hemispher e 
bv lCaswell& Vaild d 19951) and ICaswelll Jl997l l200ll Eool . 
Our source list has a large overlap with B97 and a smaller over- 
lap with the Caswell surveys, most of whose sources are not 
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Table 1. Observed Sources 





RA 


Dec 


Time 11 


<r b 




Source 


(J2000) 


(J2000) 


(min) (mjy) Detected c 


W3 Cont 


02 25 43.3 


+62 06 13 d 


1217 


3 


A 


W3(OH) 


02 27 03.8 


+61 52 26 


18 


21 e 


M 


Orion KL 


05 35 14.2 


-05 22 47 


6 


216 M? 


S269 


06 14 37.1 


+ 13 49 36 


12 


21 




RLeo 


09 47 33.5 


+ 11 25 46 


12 


17 




IRC +10216 


09 47 57.3 


+ 13 16 42 


72 


8 




Sgr A 


17 45 40.2 


-29 00 30 


12 


107 




Sgr B2M 


17 47 20.1 


-28 23 22 


84 


8 


EM 


G5. 886-0.393 


18 00 30.6 


-24 04 01 


12 


35 


AEM 


G10.624-0.385 


18 10 28.6 


-19 55 50 


12 


31 


AM 


M17 


18 20 22.4 


-16 11 25 


6 


f 


M 


G19.61-0.23 


18 27 38.1 


-11 56 39 


6 


36 




G28. 199-0.048 


18 42 58.0 


-04 13 58 


30 


12 


EM 


G30.589-0.044 


18 47 18.8 


-02 00 54 


6 


26 




G35.577-0.029 


18 56 22.5 


+02 20 27 


6 


27 




W48 


19 01 45.5 


+01 13 33 


54 


17 


AM 


G45. 122+0.133 


19 13 27.8 


+ 10 53 37 


180 


8 


AM 


W51 e/d 


19 23 40.0 


+ 14 30 51 


36 


47 


AM 


K3-50 


20 01 45.7 


+33 32 45 


428 


2 


AM 


ON 1 


20 10 09.1 


+31 31 35 


24 


16 


M 


ON2N 


20 21 44.0 


+37 26 38 


6 


39 




DR 20 


20 36 52.2 


+41 36 24 


12 


20 


M 


W75N 


20 38 36.4 


+42 37 34 


6 


34 


M 


W75 S 


20 39 00.9 


+42 22 38 


30 


16 


M 


DR21 


20 39 01.1 


+42 19 43 


640 


3 


A 


LDN 1084 


21 43 01.4 


+54 56 16 


102 


8 


M 


S140 


22 19 18.2 


+63 18 46 


30 


13 




Cep A 


22 56 19.1 


+62 01 57 


6 


34 




NGC 7538 


23 13 45.6 


+61 28 18 


180 


8 


M 



a Sum of on-source and off-source observing time. 

b Single-polarization rms noise in a 0.243 km s -1 Hanning- 

weighted channel. 
c A = absorption, E = broad emission, M = maser emission 
d Approximate position - see Sect. l3.2l for details. 
c Excessive ringing was still seen in 6035 MHz RCP after Hanning 

weighting. 
f Autocorrelator saturated. 



observable from Effelsberg, Germany. We compare our results 
with these and other previous results in Sect. 13.21 

2. Observations 

Observations were taken with the 5 cm prime focus re- 
ceiver on the 100 m telescope of the Max-Planck-Institut fur 
Radioastronomie at Effelsberg between 1 1 and 21 March 2005. 
The system temperature was 27 K. The gain was 1 .57 K/Jy as 
measured using 3C286 as a flux calibrator. The FWHM beam 
size at this wavelength is approximately 130". Pointing correc- 
tions were determined only several times a day, since pointing 
was stable to about 10". Focus corrections were determined 
less frequently. These corrections rarely exceeded 1 mm, or 2% 
of the observing wavelength. 

The AK90 8192-channel correlator was used. Both the 
2 Tl y2 ,J = 5/2, F = 3^3 (rest frequency 6035.092 MHz) and 



F — 2 — > 2 (rest frequency 6030.747 MHz) transitions were 
observed simultaneously in both right (RCP) and left circular 
polarizations (LCP). Source DR 21 was also briefly observed 
in the F — 2 — > 3 (rest frequency 6016.746 MHz) transition. 
These transitions were Doppler-corrected for the motion of the 
Earth around the Sun as well as the LSR velocity of the source 
and then centered in four IFs of 5 MHz bandwidth. Each IF 
was subdivided into 2048 channels separated by 2.44 kHz, cor- 
responding to a channel width of 0. 1 2 1 km s~ 1 . Position switch- 
ing with equal time (generally 3 min) off- and on-source was 
employed. 

Data were reduced using CLASS. Polynomial fitting was 
used to subtract baselines, which were generally stable with 
time. Interference was minimal; however, occasionally spuri- 
ous patterns bearing a strong resemblence to OH absorption 
features appeared in IF 4 (6030 MHz LCP). These were gen- 
erally easily identifiable, and the corresponding data were kept 
when the velocity region of interest was uncontaminated. In 
the rare instances in which these spurious features coincided 
with real absorption and/or emission features, the scan was dis- 
carded. 

Gaussian profiles were fit to the data in spectral ranes 
with absorption and emission. In most cases the data were 
Hanning-weighted before fitting profiles to absorption compo- 
nents. Since the resulting channel width is comparable to a typ- 
ical maser line width, Gaussian profiles were fit to the masers 
in the unsmoothed data, except in rare cases when it was nec- 
essary to suppress "ringing" (spectral sidelobes) from a strong, 
spectrally unresolved feature. 

Consistent with the primary motivation for this project, em- 
phasis in observing time was given to sources with strong ab- 
sorption uncontaminated by maser emission at either 6030 or 
6035 MHz. Secondary motivations included detecting sources 
with weaker absorption and measuring Zeeman splitting of 
masing sources in massive star-forming regions. Additionally, 
one carbon star (IRC +10216) and one Mira variable star (R 
Leonis) were observed. A complete list of sources observed 
with the aforementioned setup is provided in Tabled 

3. Results 

As noted in Tabled some combination of emission or absorp- 
tion was detected toward most of the 29 sources we observed in 
at least one of the main-line 6.0 GHz transitions. Sixteen of our 
sources had clearly detectable maser emission, and several of 
these sources also had detectable broad emission. Parameters 
of the Gaussian fits to the emission features are given in Table 

El 

Pairs of maser features that we identify as probable Zeeman 
splitting are listed in Table [3] along with implied values of 
the three-dimensional magnetic field strength. Maser Zeeman 
splitting also provides information on the line-of-sight direc- 
tion of the magnetic field: positive field values indicate that the 
magnetic field points in the hemisphere away from the Sun and 
negative values toward the Sun. We identify Zeeman pairs in 
every source in which masers are positively detected with the 
exception of G5. 886-0. 393, in which the only two masers we 
detect are at the same velocity to within the fit accuracy. 
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In order to check the consistency of our flux scale with 
previous studies, we have compared our absorption parameters 
with those of sever al other studies. We find that our flu x scale 
is lower than that of Gardner & Martin-Pintado ( 1983a), mixed 
though on average slightly lower than Guillo teau et al.l ( 1984), 
and slightly higher than B97, all of which used the Effelsberg 
100 m telescope. Our detected absorption for G5. 886-0. 393 is 
consisten t with the flux densities measured in ATCA observa- 
tions bv lCaswelil d200 lh . Variability precludes the reliable use 
of maser fluxes as an independent check on flux calibration. 

3.1. Absorption 

Absorption features were detected toward eight sources, as 
listed in Table H In some sources, such as W51 e/d at 6035 
MHz, the ability to fit absorption features is hampered by the 
presence of maser features in the same velocity region as the 
absorption. When the absorption is sufficiently strong and rel- 
atively uncontaminated by maser emission, normally two or 
even three Gaussian components are required to fit the absorp- 
tion. This appears to be true at 13434 and 13441 MHz as well. 
When absorption is detected with sufficient signal-to-noise and 
spectral resoluti on, more than one G aussian fit component is 
required dFish. Reid. & Mentenl2005l) . 

As mentioned in Sect. ^ primary among our motivations 
for this work was to obtain magnetic field estimates in the ab- 
sorbing OH material in high-mass star-forming regions. To this 
end, we selected three sources with strong absorption for deep 
integration: W3 Cont, DR 21, and K3-50. These sources are 
uncontaminated by maser emission, with the exception of the 
high-velocity wing of the absorption in K3-50. 

The theory of Zeeman splitting in absorption is discussed in 
detail in the literature (e.g.. lTroland & Heilesll982llSault et alJ 
Il990l) . The Stokes V spectrum is related to the derivative of the 
Stokes I spectrum via the equation 



where V and / are the Stokes V and I flux densities, C is the 
Zeeman splitting coefficient between the two cr-components, 
and By is the strength of the line-of-sight component of the 
magnetic field. In principle, the Stokes V spectrum is simply 
half the difference of the LCP and RCP spectra. In practice, it 
is often the case that the LCP and RCP spectra have different 
gains. If this gain difference is not corrected for, the Stokes V 
spectrum will be dominated by a scaled version of the Stokes I 
spectrum. For each source and transition, we scaled one po- 
larization to remove this effect. Note that this will not cre- 
ate a false detection. The derivative of Stokes I produces an 
"S-curve," or adjacent positive and negative spectral features, 
which is duplicated in the Stokes V spectrum in the presence of 
a magnetic field. However, an incorrect scaling factor between 
the two circular polarizations will produce either a positive or 
a negative feature in Stokes V, but not both. 

For each source, the magnetic field was determined by de- 
termining the best multiple-Gaussian fit to the Stokes I spec- 
trum, computing the derivative of the fit, and least-squares fit- 
ting the resulting derivative to the Stokes V spectrum. Results 



Table 3. Zeeman Pairs 





Transition 


V LSR 


B 


Source 


(MHz) 


(km s ') 


(mG) 


W3(OH) b 


6030 


-69.92 


-4.4 






-69.58 


-3.8 


Sgr B2M 


6030 


65.54 


-4.8 






70.42 


-5.4 






71.90 


-8.0 C 




6035 


62.22 


+5.9 






63.42 


-5.7 






64.82 


-7.1 






67.18 


-6.9 






70.45 


-6.9 






70.83 


-7.3 






71.94 


-10.8 


M17 


6030 


21.52 


+0.8 




6035 


21.41 


+0.8 


G28. 199-0.048 


6030 


94.70 


+7.0 






96.12 


-1.4 




6035 


94.70 


+7.0 






98.04 


+8.9 


W48 


6035 


42.95 


-0.7 






43.30 


-0.9 


G45. 122+0.133 


6030 


53.70 


-4.8 






54.33 


-4.5 




6035 


53.70 


-4.4 






54.27 


-4.0 






55.45 


-1.2 


W51 e/d 


6030 


52.53 


+5.1 






53.15 


+5.1 




6035 


52.80 


+6.7 






55.33 


+4.6 






55.81 


+9.1 






57.59 


+5.5 






63.11 


+2.3 






64.04 


+4.0 


K3-50 


6030 


-19.45 


-8.8 




6035 


-19.53 


-8.7 






-18.80 


-6.9 


ON 1 


6030 


0.16 


-13.5 






13.99 


-4.8 




6035 


-0.42 


-10.4 C 






0.12 


-12.8 C 






0.79 


-11.1° 






1.53 


-5.3 






1.96 


-5.2 






13.91 


-3.8 






14.49 


-0.8 






15.30 


-5.0 


DR 20 


6030 


-11.05 


-3.5 




6035 


-11.10 


-3.0 






-9.75 


-4.1 


W75 N 


6035 


7.85 


+7.1 






9.54 


+4.6 


W75 S 


6035 


-2.31 


-2.3 






3.33 


-4.8 


LDN 1084 


6035 


-62.72 


+4.1 






-61.48 


+0.9 


NGC 7538 


6035 


-56.88 


+0.9 



a Systemic velocity ((v RCP + v L cp)/2). 

b The spectra are complicated at velocities between -49 and 
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Table 4. Absorption Parameters 





Transition 


Absorption 


V LSR 


Av 


Source 


(MHz) 


(Jy) 


(km s" 1 ) 


(km s- 1 ) 


W3 Cont 


6030 


-0.03 


-43.83 


4.14 






-0.29 


-39.58 


2.64 






-0.11 


-37.86 


2.59 




6035 


-0.03 


-43.45 


4.05 






-0.31 


-39.98 


2.44 






-0.16 


-38.10 


2.65 


G5.886-0.393 


6030 


-0.10 


-19.76 


6.51 






-0.12 


-8.70 


25.52 




6035 


-0.13 


-18.63 


10.49 






-0.10 


-6.24 


25.33 


G10.624-0.385 


6030 
6035 


-0.11 

a 


-6.67 


5.19 


W48 


6030 


-0.27 


41.96 


3.22 




6035 


-0.26 


42.08 


3.05 


G45. 122+0.133 


6030 


-0.04 


54.50 


3.23 






-0.07 


57.98 


3.29 




6035 


-0.08 


58.17 


3.61 


W51 e/d 


6030 


-0.27 


59.75 


6.97 




6035 


-0.22" 


60.22 


6.36 


K3-50 


6030 


-0.12 


-25.21 


7.84 






-0.08 


-24.60 


4.00 




6035 


-0.13 


-25.56 


6.97 






-0.08 


-24.39 


3.70 


DR21 


6016 


-0.06 


-10.63 


8.90 






-0.13 


-5.17 


5.22 




6030 


-0.05 


-13.61 


2.25 






-0.44 


-10.25 


9.91 






-0.77 


-4.99 


4.93 






-0.09 


-1.98 


2.10 




6035 


-0.05 


-13.64 


2.08 






-0.51 


-10.16 


10.27 






-0.79 


-5.00 


4.82 






-0.13 


-2.26 


2.08 



a The low velocity wing of absorption is detected below -5 km s , 
but maser contamination and low signal-to-noise preclude fitting 
this feature. 

b Region of absorption is heavily contaminated with emission, 
which may compromise accuracy of fit. 



are shown for W3 Cont in Figs.[Jand|2] K3-50 in Figs.[3]and 
|4] and for DR 21 in Figs. |5] and |6] The top panel of each plot 
shows the Stokes I spectrum along with the best-fit Gaussian 
parameters as listed in Table 0] The bottom panel of each plot 
shows the Stokes V spectrum as well as the derivative of the 
fits to the Stokes I spectrum. This derivative is scaled to fit the 
data for K3-50, in which a marginal positive result is obtained 
at 6030 MHz. (In this case, the derivative scaling factor and 
the RCP/LCP scaling factor were solved for simultaneously by 
least-squares fitting.) For the other sources the scaling is cho- 
sen in order to most clearly show the functional form of the 
derivative. Implied magnetic fields and upper limits are quoted 
in TableU] 

Up to four Gaussians were fit to each Stokes I absorption 
profile. Since absorption is produced by an integrated column 
density of molecules at different velocities, it is probable that 



Table 5. Zeeman Splitting Deduced from OH Absorption 





Transition 


S a 


Source 


(MHz) 


(mG) 


W3 Cont 


6030 


< 0.5 




6035 


< 0.6 


DR21 


6030 


< 0.3 b 




6035 


< 0.4 


K3-50 


6030 


-1.1 ±0.3 




6035 


< 0.9 



a Values are 3 cr upper limits on \B\ for nondetections. 
b Systematics may dominate. See Sect. l4.3l for details. 



Stokes I absorption profiles deviate from sums of a small num- 
ber of pure Gaussians when observed with sufficient sensitiv- 
ity. But the magnitude of the expected Stokes V profile due to 
Zeeman splitting is only a few percent of Stokes I. Thus, our 
magnetic field estimates are not highly sensitive to minor errors 
in fitting Stokes I profiles. 

3.2. Source notes 

For sources in large complexes of H n regions, our pointing 
center is occasionally offset from the coordinates of the asso- 
ciated source in order for our 130" beam to encompass several 
sources or a larger area of continuum flux. Exact pointing cen- 
ters are listed in Tabled 

W3 Cont - The coordinates listed in Table \J]are approxi- 
mate. To observe this source, we peaked up on the continuum 
nearest this position, located approximately 10" away, which 
lie s in the direction of compo n ent W 3 A in the labelling scheme 
of IHarris & Wvnn- Williams! (1976). Absorption spectra are 
shown in Figs. and |3 We find that 3 Gaussian components 
are required to fit the absorption. The velocities of the main 
absorptio n component in each trans i tion agr e e generally with 
those of iGardner & Martm-Pintadol Jl983ah . Iduilloteau et alJ 
ill984l) . and B97. Groun d-state absorption at 1667 MHz is cen- 
tered near -38.5 km s" 1 JTroland et alJl989l) . Weak 4750 MHz 
emission as well as 4765 MHz masers are seen in the velocity 
range of absorption ( Gardner & Martin-Pintado 1983b). We are 
able to obtain a 3 cr upper limit of 0.5 mG on the line-of-sight 
component of the magnetic field in the absorbing OH material. 

W3(OH) - Substantial ringing exists at 6035 MHz due to 
strong, narrow masers. Ringing is so substantial in RCP that the 
data must be Hanning weighted twice, degrading effective res- 
olution to 0.49 km s , or much broader than a typical maser 
linewidth. At this resolution, it is difficult to identify individ- 
ual maser components and futile to attempt to identify Zeeman 
pairs. Even at 6030 MHz, where ringing is far less severe, over- 
lap of maser components in the spectral domain precludes ac- 
curate fitting of maser components as well as unambiguous 
identification of Zeema n pairs. We refer the rea der to previous 
interf erometric work bv lMoran et alJ Jl978l) and lDesmurs et alJ 
Jl998l) for more precise maser and Zeeman pair identification. 

We find new maser features near -70 km s _1 in the 6030 
MHz transition, as shown in Fig. It is unlikely that these 
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masers are associated with the ultracompact Hn region of 
W3(OH). The masers around W3(OH ) have radial velocities of 
-45±5kms _1 (e.g jArgon. Reid. & Mentenl200ol) and ar e ob- 
served to be expanding (Bloemhof, Reid, & Moran 1992) and 
rotating (Wri ght. Gray. & Diamond 2004a) at several km s _1 , 
not tens of km s _1 . The association of these masers with 
W3(OH) proper cannot be conclusively ruled out because for- 
mer studies of W3(OH) have not had the velocity coverage to 
have detected a feature at -70 km s _1 . It is more plausible that 
these masers are associated with the Turner- W elch (TW ) ob- 
ject located * 6" east of W3(OH) JTurner & WelcrJl984l) . This 
source is also located well within our 130" beam, and the wa- 
ter masers span a veloci ty range of over 75 km s _1 , including a 
feature at -70 km s" 1 JCohenl 19791) . These 6030 MHz features 
are discussed in further detail in Sect. 14. II 

The detection of these OH masers at an unusual velocity 
prompted us to obtain follow-up exploratory observations of 
all four ground-state transitions of OH as well as the 4750 and 
4765 MHz transitions with the VLA 1 . We observed the ground- 
state transitions in 256 spectral channels of 3.052 kHz each and 
the excited-state transitions in 128 channels of 6. 104 kHz each, 
giving us a velocity range of approximately 130 and 50 km s _1 
centered at -55 km s _1 for the ground-state and excited-state 
transitions, respectively. In no instance did we detect emission 
at -70 km s or at any other velocity outside the systemic 
range of velocities from approximately -40 to -50 km s _I . Our 
3 a noise detection levels were approximately 60 to 75 mJy for 
all transitions. 

Orion KL - The data are suggestive of a weak (< 0.5 Jy) 
maser at +4.0 km s _1 in both polarizations of the 6035 MHz 
transition, but the signal-to-noise ratio is too low to claim a de- 
tection. This veloc ity is consistent with the velocity of masers 
at 1665 MHz (e.g. JHansen et alll977l) . B97 do not make note 
of a detection in this source, although their 6035 MHz noise 
limits for Orion KL are better than ours by nearly a factor of 
two. 

R Leo - No masers were detected in R Leo. The bright 
(> 1 Jy) ground-state masers in this source disappeared in 2002 
and h ave only reappeared as much weaker masers since jLewisI 
2004). 

Sgr B2M - Our spectra a re qualitativ ely similar to those 
presented in lCaswell & Vaild Jl995l) and lCaswelll d2003h . al- 
though ringing e ffectively degrad es our spectral resolution at 
6035 MHz RCR ICaswelll J2003h identifies a Zeeman pair of 
-5 mG at 70.7 km s _1 in his 6030 MHz data and finds sim- 
ilar magnetic fields in the high-velocity 6035 MHz data. All 
Zeeman pairs indicate a magnetic field pointing in the hemi- 
sphere toward the Sun, with the exception of a single Zeeman 
pair at 62. 2 km s" 1 , also no ted bv lCasw ell ( 2003). ATCA obser- 
vations by Caswell ( 1997) indicate that the 6035 MHz masers 
trace two distinct Hn regions: features below » 68 km s _1 are 
associated with source GO. 666-0. 035 (the bright continuum 
near the center of Sgr B2M), and features above this velocity 



1 The National Radio Astronomy Observatory is a facility of the 
National Science Foundation operated under cooperative agreement 
by Associated Universities, Inc. 



with GO. 666-0. 029 (the weaker continuum to the west of Sgr 
B2M). 

Because Sgr B2M is a source with many maser features, 
it is probable that spatially-separated regions of maser emis- 
sion at different velocities are blended together in our beam. 
Since we do not spatially resolve the emission, we cannot 
always identify Zeeman pairs unambiguously. For instance, 
the marked Zeeman pair in Table [3] consists of a feature at 
72.21 km s" 1 in LCP and 71.58 km s _1 in RCR We choose 
this particular pairing over the other possibilities (71.99 or 
72.43 km s in RCP) in part because the sign and magnitude 
of the magnetic field more closely match those of the magnetic 
fields determined from other Zeeman pairs near this velocity, 
both at 6030 and 6035 MHz. But without interferometric map- 
ping, we cannot be certain that this pairing is correct. 

Sgr B2M was also observed for 36 min in a 20 MHz band 
centered near 5935 MHz. This frequency range includes both 
the 5934.644 ( 2 n 3/2 ,J = 5/2, F = 2 -> 2) and 5938.967 
MHz (F = 3 -> 3) main lines of 18 OH as well as the 
5938.901 MHz (F,F' = 5/2,2 -» 3/2, 1) line of I7 OH. The 
dual-polarization noise in a Hanning-weighted 1.97 km s _1 
channel was 7 mJy. The 5931.908 MHz (F,F' = 3/2,2 -> 
1/2, 1) line of 17 OH is also in this range but is unobservable 
due to extremely strong contamination from the HI 03a re- 
combination line at 5931.545 MHz. No isotopomers of OH 
were detected. This is as expected, given a measurement 
of 261 ± 20 for th e r 16 Ql/r 18 01 ratio in this source in the 
ground state of OH JWhiteoak & Gardner!! 98lh . The expected 
strength of 18 OH features in Sgr B2M would be less than 
1 mJy, assuming identical excitation temperatures for 16 OH 
and 18 OH. Since 17 OH is even less abun dant than 18 OH, the 
17 OH fines would be weaker still JValtz & Soglasnovalll973t 
iBuiarrabal. Cernicharo. & Guelinll983l) . 

G5.886-0.393 - Our spectra at both 603 5 and 60 3 MH z 
are similar to the spectrum provided by Caswell (2001). 
Our bandwidth spans an effective velocity range of nearly 
250 km s , which allows us to obtain a good baseline even 
for the broad absorption features. Our data are consistent with 
the interpretation of the spectrum provided by Caswell. 

G10. 624-0. 385 - There are masers in both polarizations 
in the 6035 MHz transition in the velocity range from -5 
to +2 km s _1 . Poor signal-to-noise and the overlap of mul- 
tiple maser components, especially in the upper half of this 
velocity rang e, preven t us fr om b eing able to fit these fea- 
tures. ICaswell & Vaild i 19951) and ICaswelll J2003h find weak 
6035 MHz maser emission peaking at -0.7 km s _1 in Stokes 
I, a conclusion which our data support. There is no clear 
Zeeman pattern, but if the peak of the RCP and LCP emis- 
sion are interpreted as a Zeeman pair, the implied magnetic 
field is approximately -4 mG, consistent in direction with -6.0 
and -2-86 mG Zeeman pairs seen at 1667 MHz dFish et alJ 
2005t iRuiz-Velasco et alJl2006l) . We detect absorption in both 
transitions, although maser contamination prevents a deter- 
mina tion of fit parameters at 6035 MHz. In the 2 TUn.J = 
112 JMatthews et all ^9861 llJchida. Fiebig. & Gustenl 1200 it 
[ Fish Reid. & MentenlHooll) and 7 = 9/2 dWalmslev et all 
1986) transitions, absorption features are centered in the veloc- 
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ity range -2.5 to +1.0 km s _1 , where 6035 MHz maser emis- 
sion is strongest. 

Ml 7 - The autocorrelator saturated during observations 
due to high levels of continuum emission. Flux densities de- 
rived for masers in this source are of questionable accuracy, 
and we defer to the previous data of B97. As was sometimes 
seen in other scans with very high continuum fluxes, the 6035 
MHz RCP spectrum was flipped (i.e., the continuum level was 
negative, and maser features were seen in "absorption"). This is 
clearly an instrumental artifact. It is not possible to obtain flux 
densities for these maser features, but the velocities at which 
the features appear would not be expected to be affected. The 
velocities in both p olarizatio ns are consistent with EVN maps 
of M17 (Desmurs & Baudrv ll998l) . Additionally, we identify 
one Zeeman pair each at 6035 MHz and 6030 MHz at approx- 
imately the same velocity and with equal sp litting (+0.8 mG). 
This too is consistent with lDesmurs & Baudrvl who find an up- 
per limit of 1 mG for the magnetic field. 

G28. 199-0.048 - This is one of only two sources in our 
survey in which we fi nd a reversal of the line-of-sight direction 
of the magnetic field. ICaswelll d2003l) find a Zeeman pair with 
approximately the same magnetic field and center velocity as 
the pairs we find at 94.70 km s _1 . They also find higher velocity 
features at 6030 MHz, although B97 do not. 

W48 (G35. 200- 1.736) - At 6035 MHz, half of the ve- 
locity range of absorption is contaminated by strong maser 
emission. The RCP spectrum is especially corrupted by ring- 
ing due to strong, narrow maser features near 43 km s _1 . B97 
note similar problems in determining absorption fit parame- 
ters. Additionally, we detecte a weak 6035 MHz maser in both 
polarizations coincident with the low-velocit y wing of the ab - 
sorption. Our spectra are similar to those of ICaswelil (|2003), 
although the Caswell 6035 MHz spectrum does not include the 
weak maser features near 40.3 km s , whose LCP peak flux 
density is half that of the 44.2 km s _1 feature, clearly visible 
in the Caswell spectru m. Strong varia bility of this latter fea- 
ture has been noted by ICaswelll fcoo ll 120031) . The 40.3 km s _1 
must have been weaker by a factor of several in 2001 May and 
previous epochs. 

G45. 122+0.133 - As with ICaswelll foOOA we find a con- 
sistent Zeeman pattern at 6030 and 6035 MHz. For most of 
the Zeeman pairs our data suggest a stronger magnetic field 
(« -4 mG) compared to the -2.5 mG determined bv lCaswelll 
But precise determination of the magnetic field strength, if 
indeed a single magnetic field strength is responsible for the 
Zeeman pairs at 53.7 and 54.3 km s _1 , is complicated by spec- 
tral blending of maser spots of comparable flux density. The 
velocity and width of the 6030 MHz absorpti on agrees with 
a previ ous detection by Guilloteau et alJ Jl984h to with i n their 



a previous detection by Uuilioteau et al. ( 1V84) to witnin tneir 
errors. iMatfhews etail dl986l) and iBaudrv & DesmurJ J2002) 
also detect absorption at 13434 and 13441 MHz in approxi- 
mately the same velocity range. 

W5 1 e/d - As with B97, our pointing center lies between 
sources e and d. We find eight Zeeman pairs each indicating a 
magnetic field pointing in the hemisp here away from the Sun . 
This is consistent with B97 and iDesmurs & Baudrvl dl998h . 
who each find one Zeeman pair in 6035 MHz indicating a pos- 
itive magnetic field. We identify Zeeman pairs at or near the 



velocities of these features. A pair of features at 6030 MHz 
in the B97 survey centered at 53.27 km s _1 with a splitting of 
+5.1 mG is broadly consistent with a Zeeman pair of identi- 
cal magnitude that we detect at 53. 15 km s" 1 . Absorption p a- 
rameters are consistent with those of Guilloteau et al. ( 1984|) at 
6030 MHz. For comparison, the 13434 and 13441 MHz ab- 
sorption is muc h narrowe r and redshifted by 3 to 4 km s _1 
dBaudrv & Desmurskooll) . 

K3-50 - Three Zeeman pairs are detected, all indicat- 
ing a negative magnetic field. T his is consistent with 1665 
and 1667 MHz maser mapping dFishet aLlEool) . Previous 
observations have detected a single absorption component 
at 6030 and 6035 M Hz as well as in higher transitions in 
the 2 n V2 ladder dGuilloteau et alJll984ilWalmslev et al.lll986l 
Bau drv & Desmursl2002l) . We find that a single Gaussian com- 
ponent is inadequate to fit our observed absorption, although 
two component s provide an exc ellent fit. The 6030 and 6035 
MHz spectra of Guillot eau et alJ did not have sufficient signal- 
to-noise to permit the detection of the weaker component. We 
detect a magnetic field of -1.1 + 0.3 mG in the 6030 MHz ab- 
sorption (Fig. [3}, but we do not detect a magnetic field in the 
6035 MHz absorption (Fig.gJ. 

ON 1 - All Zeeman pairs in ON 1 indicate a negative 
magnetic fi eld, consistent w ith results in ground-state transi- 
tions (e.g., iFish et aD 12005). Consist ent with prior 6030 and 
6035 MHz (B97) and 1344 1 MHz dBaudrv & Desmursll2002t 
IFish. Reid. & Mentenfeooll) observations, most masers appear 
near two systemic velocities: and +14 km s _1 . Additionally, 
we detect weak masers at intermediate velocities (5.5 and 
7.7 km s" 1 ) at 6035 MHz. 

DR 20 (G80.864+0.421) - Moderate spectral ringing is 
seen in 6035 MHz. It is possible that there is another weak 
feature in both RCP and LCP at slightly higher velocity than 
the strongest maser feature, but there is insufficient resolution 
to claim detection after Hanning weighting. The masers identi- 
fied by B97 are in excellent agreement with this work. 

W75 N - As B97, we find a Zeeman pair with a mag- 
netic field splitting of slightly over +7 mG. We also detect a 
Zeeman pair centered near 9.5 km s _1 implying a field split- 
ting of +4.6 mG. Interferometric maps at 1665 and 1667 MHz 
show masers aligned along two axes, with negative magnetic 
fields in the eas t-west axis and positive fields in the north- 
south axis (e.g.. lFishet"aT]l2005l) . The magnetic fields mea- 
sured at 6035 MHz suggest that the excited-state masers appear 
predominantly in the latter structure, probably associated with 
continuum source VLA 1 . 

W75 S - We detect several features near 3 km s _1 , including 
a Zeeman pair implying a magnetic field of -4.8 mG, not previ- 
ously detected by B97. In the 1665 and 1667 MHz transitions, 
there is a reversal of the line-of-sight direction of the magnetic 
field across the source, with positive magnetic fields to the west 
and negative magnetic fields to the east of the weak contin- 
uum source dFish et alJl2005l) . This suggests that the Zeeman 
pairs, which imply negative magnetic fields, may also be lo- 
cated to the east. We do not detect the possible feature they see 
at -4.39 km s 1 in 6030 MHz RCP. 

DR 21 - The strongest absorption components we de- 
tect are qualitatively consistent with previous results by 
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iGuilloteau et alJ Jl984l) . who also find two absorption com- 
ponents in each of the main-line transitions: a feature near 
-5 km s _1 and a slightly broader feature near -12 km s _1 that 
is weaker by a factor of two. Spectra of Stokes I and V for the 
6030 and 6035 MHz transiti ons ar e shown in Figs. [5] and [6] 
respectively. iMatthews et alJ Jl986h find absorption at 13434 
and 13441 M Hz at the velocity of the stronger absorption com- 
ponent, while IWalmslev et alJ lll986|) see 2 3826 MH z absorp- 
tion at - 6.5 km s" 1 . At 6016 MHz. lGardner & Martfn-Pin tado 
( 1983a) also see two absorption components. 

LDN 1084 - We identify two Zeeman pairs indicating mag- 
netic fields of +0.9 and +4.1 mG in the 6035 MHz transition. 
B97 detect two 6035 MHz masers in opposite polarizations. 
Interpreted as a Zeeman pair, they would imply a magnetic field 
of +1.4 mG centered at -61.33 km s" 1 . The sign of this field 
would be consistent with our findings. 

S140 - B97 detect a Zeeman pair of masers of flux density 
0.4 Jy and width 0.20 km s _I at 6035 MHz. Neither these fea- 
tures nor any others are present in our spectra. Our 1 cr noise 
level in a Hanning-weighted 0.243 km s _1 channel is 13 mJy. 

Cep A - We detect no maser emission in either transition 
to a 1 cr limit of 34 mJy in a Hanning-weighted 0.243 km s _1 
channel. B97 detect multiple maser lines with flux densities of 
0.1 to 0.6 Jy, including two Zeeman pairs in the 6035 MHz 
transition. 

NGC 7538 - Our identification of a +0.9 mG Zeeman pair 
is consistent with observations at 1665 MH z, in which a sin - 
gle Zeeman pair of +0.7 mG is detected (iFish et al J 12005). 

However, previous observations have found Zeeman pairs with 

I 1 1 — I 

the opposite sense of polarization (e.g., Lo et al. 1975). In 
ground-state transitions, Hu tawarakorn & Cohe n (2003) iden- 
tify two Zeeman pairs of - 1 .7 and -2.0 mG in source IRS 1 , the 
pointing center of observations. They also find three Zeeman 
pairs with a line-of-sight magnetic field reversal in IRS 1 1, lo- 
cated approximately half a beamwidth away from our pointing 
center. 

4. Discussion 

4.1. 6030 and 6035 MHz maser statistics 

We detect 6035 MHz masers in 16 sources and 6030 MHz 
masers in 11 of these. In all cases, the 6035 MHz masers 
are stronger than the 6030 MHz masers, whether measured 
in terms of the strongest maser component or as an in- 
tegrated flux of all maser spots in a transition. In nearly 
all cases when a 6030 MHz maser is observed, a stronger 
6035 MHz maser is seen at approximately the same veloc- 
ity, consistent with B97 and observations by|Caswel 3 ll2003l) 
of southern hemisphere sources. Diverse theoretical models 
agree that the set of parameter space conducive to 6030 
MHz maser action is almost wholly a subset of that con- 
ducive to 6035 MHz maser action and that 6030 MHz masers 
should al most always be weaker than their 6035 MH z counter- 
parts (e.gJGrav. Field. & Doelll992HPavlakis & KvlafiJ2 000: 
ICragg. Sobolev. & Godfrevl2002l) . 

However, the 6030 MHz features near -70 km s _1 in 
W3(OH) have no counterpart at 6035 MHz. Theoretical mod- 
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Fig. 1. Top: Stokes I spectrum of W3 Cont at 6030 MHz. The 
curve shows the best fit to the data, which have been Hanning 
weighted. Parameters of the fit are given in Table |4] Bottom: 
Stokes V spectrum of W3 Cont at 6030 MHz. The curve shows 
the derivative of the Stokes I fit, scaled to a magnetic field of 
+ 1.0 mG in order to clearly show the functional form. This 
curve can be scaled by an arbitrary multiplicative factor (in- 
cluding negative values); the scaling is proportional to the line- 
of-sight component of the magnetic field in the absorbing ma- 
terial. The best fit scaling of -0.2 mG, indicated by the dotted 
line, is not statistically significant. 

els by IPavlakis & Kvlafisl d2000l) suggest that the presence of 
6030 MHz without corresponding 6035 MHz maser emission 
is indicative of a velocity gradient greater than 1 km s -1 . This 
suggests that the low-velocity 6030 MHz masers may not be 
associated with the main ultracompact Hn region in W3(OH), 
for which the turbulence is estimated to have a FHWM of 
0.8 km s -1 from th e spatial and ve locity distribution of ground- 
state OH masers dReid et al.lll980t) . For comparison, the tur- 
bulent component of the velocity field of the water masers 
in the bipolar outflow from the TW ob ject is < 10 km s _1 
dAlcolea et alll993l) .l Pavlakis & Kvlafis also predict that 1665 
MHz masers should be seen in regions containing 6030 but not 
6035 MHz masers. But no ground-state maser emission in any 
transition is seen at -70 km s _1 . It is possible that current maser 
models are insufficient to explain the appearance of masers at 
6030 MHz with no corresponding features in another OH tran- 
sition. 

4.2. Zeeman pairs 

As with any single-dish study of OH masers, one must be care- 
ful interpreting spectral offsets as Zeeman pairs. In the 1665 
and 1667 MHz transitions, the Zeeman splitting is large (0.590 
and 0.354 km s _1 mG"' respectively), and a typical magnetic 
field of several milligauss will split the two cr-components by 



8 



Fish et al.: Enhanced density in OH masers 



-0.1 



-0.2 



-0.3 



0.02 



0.01 



-0.01 




-0.02 



W3 

6035 - 




-60 



-50 



-40 
Velocity (km 



-30 



-20 



Fig. 2. Stokes I and V spectra of W3 Cont at 6035 MHz. See 
Fig.^for details. 
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Fig. 3. Stokes I and V spectra of K3-50 at 6030 MHz. See Fig. 
^for details. The derivative curve in the bottom panel is scaled 
to -1.1 mG and represents a marginal (< 4cr) detection. The 
velocity range indicated by the dark bar was excluded from the 
fit due to maser contamination. The magnetic field derived from 
Zeeman splitting of the masers is -8.8 mG. 



many linewidths. Velocity coherence of the amplifying ma- 
terial usually favors one cr-component over the other, result- 
ing in Zeeman pairs of very unequal amplitude or the detec- 
tion of only a single cr-component dCookl l 1966). Since high- 
mass star-forming regions with OH masers frequently have 
many masers, including multiple masers at the same velocity, 
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Fig. 4. Stokes I and V spectra of K3-50 at 6035 MHz. See Fig. 
^for details. The spectra have been Hanning weighted twice to 
eliminate ringing from strong maser components. The deriva- 
tive curve in the bottom panel is scaled to -1.1 mG as deter- 
mined from 6030 MHz (see Fig.|3}. Unlike at 6030 MHz, there 
is no detection. The magnetic fields derived from Zeeman split- 
ting of the masers are -6.9 and -8.7 mG. 



single-dish efforts at identifying maser pairs are generally in- 
adequate. In practice, even connected-element interferometry 
provides insufficient spatial resolution to identify Zeeman pairs 
in the ground-state main -line transitio ns ( e.g., compare sou rces 
in common between iFish et al1l2003l and lFish et alJl2005|) . At 
6030 and 6035 MHz, the smaller Zeeman coefficients (0.0790 
and 0.0564 km s mG~' respectively) result in cr-components 
that are usually separated by less than 0.8 km s _1 , the tur- 
bulent dispersion inferred from maser clusters for W3(OH) 
dReid et alJll98ol) . Thus, it is expected that amplification of 
both cr-components of a Zeeman pair occurs with similar gain, 
a hypothesis supported by the more equal ratio of flux densities 
in the components of a 6.0 GHz Zeeman pair as compared with 
ground-state Zeeman pairs. 

On the other hand, the dearth of sources observed at 6.0 
GHz at milliarcsecond resolution make it difficult to deter- 
mine whether this hypothesis is justified. To date, only four 
published sourc es have been mappe d at 6030 and/or 6035 
MHz: W3(OH1 JDesmurs et alj fl998). M17, ON 1, and W51 
JPesmurs & Baudrvl Il998[ for he latter three). In W3(OH), 
multiple strong, spatially-separated maser features in the same 
polarizat ion and trans ition were often seen at the same ve- 
locity. iDesmurs et alJ find 37 Zeeman pairs and several un- 
paired maser components at 6030 and 6035 MHz between 
-47.7 and -41.5 km s _1 . The ratio of fluxes between the two 
cr-components rarely exceeds two and never exceeds three. 
Magnetic fields thus measured range from +0.9 to +14.6 mG. 
Clearly, single-dish observations of W3(OH) are insufficient 
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Fig. 5. Stokes I and V spectra of DR 21 at 6030 MHz. See Fig. 
^for details. The derivative curve in the bottom panel is scaled 
to +1.0 mG. 
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Fig. 6. Stokes I and V spectra of DR 21 at 6035 MHz. See Fig. 
njfor details. The derivative curve in the bottom panel is scaled 
to +1.0 mG. 

in makin g sense of such rich maser fields. In the other three 
sources, Desmurs & Ba udrvl find far fewer maser spots and 
Zeeman pairs than we do due to a high detection limit (0.4 
Jy beam 1 ). Even in ON 1, in which only four 6035 MHz 
RCP masers are detected with the EVN, there is evidence that 
spatially-separated maser features overlap in velocity. 

From this, it seems reasonable to conclude that single-dish 
Zeeman pairing at 6030 and 6035 MHz is trustworthy in spec- 
trally uncomplicated fields with comparable flux densities in 
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Fig. 7. Spectra of new features of W3(OH) detected at 6030 
MHz. The data are not Hanning weighted. Strong emission at 
higher velocity is not shown. The bold histogram shows RCP 
data, and the normal histogram shows LCP data. The RCP data 
are shifted to lower velocity than the LCP data, indicating a 
negative magnetic field. 

opposite circular polarizations, such as LDN 1084. It is proba- 
ble that sources with numerous overlapping maser components, 
such as Sgr B2M and ON 1, have many more Zeeman pairs than 
identified here. Additionally, ambiguities may cause misidenti- 
fication of which maser components constitute a Zeeman pair. 
Judgment on the reliability of Zeeman pairs in cases intermedi- 
ate to these extremes awaits confirmation from interferometric 
mapping. 

4.3. Zeeman splitting in absorption 
4.3.1. K3-50 

K3-50 is the only source in which we obtain a marginal pos- 
itive detection of a magnetic field in absorption. We measure 
the magnetic field to be -1.1 + 0.3 mG in absorption in the 
6030 MHz transition. At 6035 MHz we obtain an upper limit 
(3 cr) of 0.9 mG. The previous upper limit on the magnetic field 
stren gth in absorption was 2.9 mG from 13441 MHz observa- 
tions (JFish. Reid. & Ment enl2005l) . 

Given the low signal-to-noise ratio of the 6030 MHz de- 
tection and the lack of a detection at 6035 MHz, it is possible 
that the positive detection at 6030 MHz is due to a system- 
atic error. One possible source of error is an incorrect spectral 
baseline in one or both circular polarizations. As mentioned 
in Sect. |2] spurious instrumental effects mimicking absorption 
were occasionally seen in the 6030 MHz LCP spectra; while 
such cases were usually easily identifiable, it is possible that 
the some LCP scans are contaminated by similar instrumental 
effects too weak to be detected in a single 6-minute scan. 

VLBA maps of the 1665 and 1667 MHz OH masers in K3- 
50 find six Zeeman pairs: five implying full three-dimensional 
field strengths of -2.6 to -2.9 mG to the north and east of the 
H n region, and one implying a magnetic field of —7. 5 mG pro- 
jected atop the northern portion of the H n region dFish et alJ 
2005). In the 6030 and 6035 MHz transitions, Zeeman pairs 
indicate magnetic fields of -5.3 to -9.1 mG (B97 and this 
work). Thus, all OH maser data point to a negative magnetic 
field in the region sampled by the masers. However, in the ab- 
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sence of an interferometric map of the positions of the 6.0 GHz 
masers, only one Zeeman pair is known to be located in pro- 
jection atop the H n region. Without magnetic field measure- 
ments in the western and southern portions of the source, it 
is unknown whether there is a reversal of the line-of-sight di- 
rection of the magnetic field across the source. If there is, the 
magnetic field strength measured in OH absorption would be 
an average value and would therefore underestimate the actual 
line-of-sight magnetic field strength. Therefore, it is difficult to 
compare directly the magnetic field strength measured in OH 
absorption with the field strength derived from maser Zeeman 
splitting. 

It is important to note that the interpretation of the Stokes V 
flux in K3-50 as due to Zeeman splitting is predicated upon the 
assumption that t he OH absorption is thermal and unpolarized. 
IVerschuuil ( fl99 6) finds evidence that some sources may have 
weak, nonthermal, partially polarized absorption components 
which could lead to the erroneous estimates of magnetic field 
strength. A more definitive detection of Stokes V, as well as 
a sensitive interferometric map of 6030 MHz absorption, may 
be necessary to convincingly link our Stokes V detection to a 
magnetic field estimate. 

4.3.2. W3 Cont and DR 21 

We obtain upper limits for the line-of-sight component of the 
magnetic field in two sources: W3 Cont and DR 21. In each 
case, the observations are consistent with an upper limit on the 
coherent line-of-sight magnetic field strength of about half a 
milligauss. Note that the upper limits assume that the magnetic 
field is constant across the source. This may be an incorrect as- 
sumption; the different Gaussian absorption components likely 
correspond to physically distinct clouds of material, each of 
which may have a different average magnetic field strength and 
orientation. Nevertheless, it does not seem warranted to attempt 
to fit derivatives of individual Gaussian absorption components 
scaled to different magnetic fields when the measurement of 
Stokes V is consistent with zero, as is the case for most of our 
spectra. 

While the formal 3 cr upper limit on the line-of-sight mag- 
netic field strength is 0.3 mG in the 6030 MHz transition in DR 
21, the noise is likely dominated by systematic effects. Unlike 
in W3 Cont or K3-50, or indeed even in the 6035 MHz tran- 
sition in DR 21, it was not possible to find a scaling constant 
such that Stokes V was flat or proportional to the derivative of 
Stokes I in the velocity region of absorption. This could be due 
to two effects. First, the total absorbing region is fairly wide 
(« 20 km s~'), so it is possible that the baselines of the LCP 
and RCP spectra are not determined to high enough accuracy in 
the region of interest. Second, as noted in Sect.|5J low-level ar- 
tifacts resembling absorption features occasionally appeared at 
6030 MHz RCR Because the actual absorption in DR 21 is so 
strong (=s 1 Jy), the presence of spurious instrumental absorp- 
tion features at coincident velocity may have escaped our de- 
tection. In fact, nearly one-third of the 6030 MHz DR 21 scans 
(representing all scans on source on one day) were discarded 



because the LCP and RCP absorption shapes were qualitatively 
different near - 15 km s _I . 

Zeeman splitting is detected in H i absorption in several dif- 
ferent subregions of DR 2 1 , i mplying an average magnetic fiel d 
of approximately -0.4 mG ( Roberts TPickel. & Gosslll997l) . 
The velocity range of the Zeeman-split Hi features is gen- 
erally coincident with the velocity range in which excited- 
state OH absorption is detected. They detect three components 
in Hi: a broad negative wing between -20 and -9 km s _1 , 
roughly corresponding to the broad absorption component we 
detect; a narrow feature near -5 km s _1 with a FWHM of 
ss 5 km s _1 , corresponding to an absorption component we 
detect with similar parameters; and a narrow absorption com- 
ponent near +10 km s _1 , which we do not detect at all. The 
magnetic field is most strongly detected in H i absorption in the 
outflow in the range of velocities between -20 and - 10 km s _1 . 
The number densit y in the outflow is probably between 10 4 
and 10 5 cirT 3 ("e.g.. iGarden et allll99ll) . For comparison, the 
numb er density in the OH absorption region exceeds 10 7 cm -3 
djones et alJl994l) . For any reasonable scaling of B with n", the 
magnetic field should be detectable in OH absorption. 

Why then do we detect no magnetic field on a submil- 
ligauss level toward DR 21? One possibility is that multiple 
sources are blended together within our beam. D R 21 is com- 
posed of several condensations (e.g., Harris 1973), although the 
most of the continuum flux comes from regions A, B, and C, 
which ar e near the head of one of t he cometary H n regions (see 
Fig. 1 of Cvg anowski et alJl2003l) . It is possible that there ex- 
ists one or more reversals of the line-of-sight direction of the 
magnetic field across DR 21 which are being blended together 
in our beam. Our beam is much l arger than the 10" effective 
resolution of Rob erts. Dickel. & GossL and it is possible that 
areas of different magn etic field strength are bl ended together 
in our beam. However, Roberts. Dickel. & Goss obtain positive 
detections of the magnetic field strength at several locations 
within DR 21 and find that the magnetic field is everywhere 
consistent with being -0.4 mG. 

As for W3 Cont, the largest negative and positive magnetic 
field strengths measured in Hi are -12 ^G and +220 /iG be- 
tween W3 A and W3 B (Roberts et al. 1993), measured in the 
-38 km s _I velocity component. ICrutcherl \ 1 9 99 ) also reports 
an H i measurement of 400 /iG, which is below our detectabil- 
ity limit. We detect strong OH absorption near this velocity 
and al most no absorption at -46 km s" 1 , the other velocity for 
which Roberts et al J obtain H i Zeeman measurements. Toward 
the strongest continuum source (W3 A), they obtain a mag- 
netic field estimate of -47 /iG. All of these values are well 
below our detection threshold, although the excited OH traces 
regions of higher density and therefore likely higher magnetic 
field. Nevertheless, the line-of-sight magnetic field reversal be- 
tween different sources in our beam would serve to diminish 
the signal in Stokes V. 

There are no OH maser measurements of the magnetic field 
in W3 Cont or DR 21. No masers have been detected in DR 
21. Weak 1665 MHz m asers have been detected in th e W3 
source G133.715+1.215 dAr gon. Reid. & Mentenl200oT) . If in- 
terpreted as a Zeeman p air, the masers near the origin in the 
lArgon. Reid. & Mentenl map indicate a magnetic field strength 
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of B » 0.2 mG, which is below our detection threshold. For 
neither of these sources then can we comment on the dumpi- 
ness of the material through comparison of By with B. 

4.4. Are masers overdense? 

In general, OH masers exist in environments of higher mag- 
netic field strengths and have narrower line widths than OH 
absorption. Thus, in practice, OH maser Zeeman splitting is 
sensitive to the full, three-dimensional magnetic field strength, 
while absorption Zeeman splitting is only sensitive to the line- 
of-sight component thereof. Theoretically, the inclination of the 
magnetic field to the line of sight at an OH maser site can be 
estimated from the linear polarization fraction of the maser ra- 
diation fcioldreich. Keelev. & Kwai]ll973l) . The ground-state 
OH masers that are projected atop the Hn region in K3-50 
have no detected linear polarization, naively suggesting that 
the local magnetic field lies entirely in the plane of the sky 
(i.e., that the line-of-sight component of the magnetic field is 
zero). However, the large percentage o f maser sp ots with no de- 
tectable linear polarization (e.g. jFish et all 2005) suggests that 
OH masers preferentially amplify circularly-polarized radia- 
tion, a result supported by diverse theoretical simulations (e.g . , 
iNedoluha & Watsonlll 990t iGrav & Fieldll994 lRlit/iii< F996). 
In this case, magnetic field inclinations derived from linear po- 
larization fractions may be misleading. In fact, interpretation 
of the linear polarization fro m ground-state OH masers may be 
impossible in some sources dFish & Reidl2006l) . 

There are now three sources with magnetic field es- 
timates or upper limits from OH absorption that are 
lower than the magnetic field determined from OH maser 
Zeeman splitting: K3-50 , W3( O H), and G10.624-0.385 
dGiisten. Fiebig. & Uchidal 1994 lUchida. Fiebig. & Giistenl 
200 it iFish. Reid. & Mentenll2005h . In each case the line-of- 
sight field strength (By) is significantly less than 1 / V3 of 
the three-dimensional field strength (B) derived from masers 
projected atop the continuum emission; this is the value that 
would be expected if the magnetic field in these regions 
were uniform and randomly oriented. If magnetic beaming is 
important for preferential amplification of cr-components of 
OH masers JGrav & Field! fl994). it is likely that By * B at 
maser sites. 

Assuming that an increased magnetic field strength indi- 
cates increased density, it is likely that the density at OH 
maser sites is higher than that of the surrounding material. 
This is consistent with observations of ammonia in mas- 
sive star-forming regions. Ammonia absorption in G10.6-0.4 
shows two components: a fairly uniform component of low 
column densi ty and a clum py component of higher column 
density (Soll ins & Holl2005h . Observations of W3(OH) sug- 
gest that ammonia and OH are cospatially distributed in a 
clumpy molecular envelope dReid. Mvers. & BiegingHl987l) . 
Their observations support an interclump-to-clump density ra- 
tio of ~ 0.5, which would imply an interclump-to-clump mag- 
netic fi eld strength rati o of ~ 0.7 assuming that B scales 
as n 05 ( lCrutcherlll999l) . Combining with the projection ef- 
fect, we would predict that By as measured in the absorb- 



ing material would be between 0.4 and 0.7 times B measured 
from OH masers. This is consistent with results for W3 (OH) 
dGiisten. Fiebig. & Uchidall994llFish. Reid. & MentenlEool. 
B\\ as measured in absorption appears to be even less than 0.4 
times B as measured from Ze eman splitting in G10. 624-0. 385 
dFish. Reid. & MentenlEooll) and K3-50 (this work), but the 
magnetic field in front of the UCH n region is poorly sampled 
by OH masers in both of these sources. Single-dish absorption 
studies are sensitive only to the average value of By in the ab- 
sorbing material, weighted by OH density. If the magnetic field 
strength is variable or if there is a reversal of the line-of-sight 
direction of the field across the source, absorption measure- 
ments of B\\ may be significantly smaller than B derived from a 
single maser Zeeman pair. 

Theoretical models support our conclusion that the single 
most important physical factor discriminating between OH ab- 
sorption and maser emissio n is the density of the material. 
Cesaroni & Walmslevl l)l99lh find that OH can undergo a sharp 
change from strong absorption to strong maser emission with a 
small change in density. For most transitions the critical density 
is between 10 5 and 10 6 cirT 3 and the excitation temperature 
changes from T ex > (efficient absorption) to T ex < (near 
maximum inversion) when the density (»hJ changes by less 
than a factor of two across this value. Cesaroni & Wal mslevl 
find that thermalization occurs at «h 2 ~ several xlO 7 cm 3 , and 
OH will be seen in absorption above this density. Their results 
are sensitive to the presence of dust; for instance, T ex is negative 
for two disjoint ranges of densit y for the 1667 MHz transition. 
|PavlakisfeKvlafisk l996. 2000) explore a larger range of phys- 
ical conditions and find qualitatively similar maser behavior. 

While observations of K3-50, W3(OH), and 
G10. 624-0. 385 argue strongly for masers being over- 
dense as compared to the OH seen in absorption, the picture 
in DR 21 is less clear. Th e best-fit density (wh, = 1.1 — 
2.5 x 10 7 cm 3 ) derived bv l.Tones et aD dl994l) for DR 21 is 
difficult to reconcile with the low upper limit on the magnetic 
field stre ngth that we calculate f r om OH (|By| < 0.4 mG) 
and that iRoberts. Dickel. & Gossl dl997l) calculate from Hi 
(|B||| = 0.4 mG). If the m agnetic field strength scales as 
B oc n K ,K * 0.5 dCrutcherlll9 99). we would expect a mag- 
netic field strength at least ten times greater than this value. 
Furthermore, it is unclear why OH at this density would be seen 
in absorption. The models of ICesaroni"& Walmslevl dl99ll) 
which assume a ratio of OH/H2 consistent with the llones et alJ 
(1994) re sults an d a dust temperature only marginally higher 
than Jone s et all indicate that many lines of OH, including the 
6035 MHz transition, should be inverted in this density range. 
In contrast, only the 4.7 GHz ( 2 H\n, J = 1/2) lines are seen 
in weak, broad emission (Gardner & Ma rtm-Pintadolfl98 3b). 
whil e all other detect ed transitions are seen in absorption 
(see Llones etalJ Il994l) . The large compact (as opposed to 
ultracompact) Hn regions in DR 21 argue for a density that 
is too low to sustain OH maser emission or detectable OH 
absorption Zeeman splitting. 

The significance of the density contrast between masers 
and the ambient medium cannot be overstated. Since masers 
are overdense clumps of material, their observed proper mo- 
tions can reliably be interpreted as material motions. Maser 
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proper motions have been an impor tant tool both in measu ring 
mater ial motions in sources (e.g., iBloemhof. Reid. & Moranl 
Il992l) as well as for obtaining g eometric parallaxes i ndepen- 
dent of Galactic rotation curves (Hachisuka et al. 2006) and the 
cosm ic distance scale faerrnstein et alJll99 9: Brunt haler et alJ 
1200.4 . Were masers the result of chance lines of coherence 
due to random velocity fluctuations in an otherwise homoge- 
neous medium (Deguchi 1982), observed proper motions could 
very well be unrelated to physical motions of material. Our 
results suggest that masers occur in higher-density clumps of 
material. While we cannot rule out the possibility of beam 
averaging of opposite senses of the magnetic field in some 
sources, our results are consistent with the interpretation of 
the magnetic field derived from OH absorption in W3(OH ) 
JGiisten. Fiebig. & Uchidal 1 994l iFish. Reid. & Mentenl2005l) . 
a source whose magnetic field is w ell sampled by OH masers 
llWri ght. Gray. & Diamond! l2004bl) . Combined with the ob- 
served persistence of maser sp ot shapes between epochs 
(Bloemhof. Moran. & Reid 1996), our results constitute strong 
evidence that maser proper motions do indeed indicate real, 
material motions. 

5. Conclusions 

We have observed 29 sources, primarily high-mass star forming 
regions, in order to detect 6030 and 6035 MHz OH absorption 
and emission. We find maser emission in 16 sources and ab- 
sorption in 8. When 6030 MHz maser emission is seen, it is al- 
most always accompanied by stronger 6035 MHz maser emis- 
sion. However, W3(OH) exhibits an unexplained weak 6030 
MHz maser at -70 km s _1 that appears to be unaccompanied 
by maser emission at 6035 MHz, any of the four ground-state 
transitions, or two of the 2 Il\/2, J - 1/2 transitions. 

We have taken significantly long observations of three 
sources with strong absorption to place submilligauss upper 
limits (3 <f) on the average line-of-sight magnetic field strength. 
We are able to obtain a weak tentative detection of —1.1 ± 
0.3 mG in the 6030 MHz transition of K3-50, although our 3 cr 
upper limit in the 6035 MHz transition is lower than this value. 
Consistent wit h observations in the 13.4 GH z main-line tran- 
sitions of OH jFish. Reid. & Menten1l2005l) . the line-of-sight 
magnetic field strengths measured in OH absorption are signif- 
icantly lower than would be expected from random orientation 
of the field, given three-dimensional magnetic field strengths 
measured in OH masers. Since the magnetic field strength is 
correlated with density, this provides strong evidence that OH 
masers occur in regions of enhanced density. We conclude that 
maser proper motions are a reliable indicator of physical mate- 
rial motions. 

Acknowledgements. Based on observations with the 100 m tele- 
scope of the MPIfR (Max-Planck-Institut fur Radioastronomie) at 
EfFelsberg. 
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Table 2. Detected Emission and Maser Emission 



Frequency Flux Density vlsr Av 

Source (MHz) Polarization (Jy) (kms 4 ) (km s" 1 ) 

W3(OH) 6030 LCP O70 -69.75 023 

0.46 -69.43 0.62 

1.19 -45.90 0.30 

2.27 -45.30 0.62 

3.46 -44.50 0.31 

2.70 -44.45 0.57 

5.53 -43.98 0.18 

109.41 -43.60 0.28 

55.68 -43.40 0.33 

105.34 -42.89 0.23 
RCP 0.19 -70.56 0.39 

0.42 -70.10 0.26 

0.81 -69.73 0.26 

0.66 -47.42 0.24 

0.48 -46.89 0.28 

0.24 -45.51 0.30 

1.31 -44.98 0.20 

2.18 -43.98 2.32 

1.74 -43.96 0.29 

6.00 -43.34 0.30 

39.90 -42.83 0.29 

75.26 -42.55 0.27 

11.56 -42.03 0.38 

6035 LCP 2.26 -48.86 0.18 

2.22 -47.77 0.88 

4.13 -47.26 0.44 

34.20 -45.62 0.26 

17.17 -45.23 0.37 

30.25 -44.35 0.58 

195.57 -43.37 0.36 

342.11 -42.99 0.21 

54.75 -42.81 0.42 

RCP 13.60 -46.97 0.31 

36.70 -45.04 0.34 

16.07 -44.46 0.37 

39.58 -44.06 0.26 

52.55 -43.52 0.25 

156.35 -43.06 0.17 
141.39 -42.75 0.91 

SgrB2M 6030 LCP 0.05 53.63 8.87 

0.08 65.06 8.71 

0.05 65.73 0.55 

0.21 70.64 0.24 

0.69 72.21 0.22 

RCP 0.05 52.98 7.70 

0.08 64.93 9.94 

0.05 65.35 0.54 

0.49 70.21 0.23 

0.16 71.58 0.12 a 

0.11 71.99 0.57 

0.12 72.43 0.18 

6035 LCP 0.02 50.59 3.46 

0.30 62.05 0.19 
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Frequency 




Flux Density 


VLSR 


Av 


Source 


(MHz) 


Polarization 


(Jy) 


(kms l ) 


/i 1 \ 

(kms l ) 








0.08 


62.58 


1.08 








0.13 


63.58 


0.56 








0.04 


64.00 


5.30 








0.46 


65.02 


0.31 








0.08 


65.89 


0.93 








0.07 


66.48 


0.25 








0.54 


67.38 


0.51 








0.12 


68.90 


0.97 








1.09 


70.65 


0.40 








1.18 


71.04 


0.38 








4.33 


72.23 


0.32 






RCP 


0.05 


48.83 


0.39 








0.03 


50.17 


3.75 








0.04 


60.90 


1.22 








0.27 


62.38 


0.61 








0.22 


63.26 


0.74 








0.37 


64.62 


0.38 








0.16 


65.88 


1.79 








0.63 


66.99 


0.51 








0.18 


68.92 


1.40 








1.30 


70.26 


0.27 








1.78 


70.63 


0.44 








2.18 


71.62 


0.32 








1.22 


72.25 


0.23 








1.85 


72.66 


0.35 


G5. 886-0.393 


6030 


LCP 


0.13 


9.07 


3.09 






RCP 


0.13 


8.91 


6.47 




6035 


LCP 


0.13 


8.53 


6.79 








0.14 


9.73 


0.80 






RCP 


0.22 


8.46 


7.56 








0.14 


9.76 


0.90 


G10.624-0.385 


6035 




See j3~2l 






M17 


6030 


LCP 


2.85 b 


21.49 


0.34 






RCP 


2.65 b 


21.55 


0.44 




6035 


LCP 


66.01 b 


21.39 


0.31 








61.21 b 


22.58 


0.23 








5.43 b 


23.54 


0.34 






RCP 


u 
D 


21.43 


0.33 








u 


22.58 


0.32 


G28. 199-0.048 


6030 


LCP 


0.17 


94.42 


0.51 








0.18 


96.17 


0.67 








0.12 


96.74 


4.38 






RCP 


0.38 


94.97 


0.37 








0.18 


96.06 


0.68 








0.18 


96.24 


3.56 




6035 


LCP 


1.05 


94.51 


0.59 








3.56 


96.07 


0.30 








1.05 


96.32 


1.00 








0.21 


96.61 


3.92 








0.13 


97.79 


0.25 






RCP 


1.59 


94.90 


0.63 








3.13 


96.12 


0.66 








0.18 


96.86 


4.40 








0.38 


97.02 


0.62 
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Frequency 
Source (MHz) 





Flux Density 


VLSR 


Av 


ation 


(Jy) 


(kms" 1 ) 


(kms- 1 ) 




0.14 


98.29 


0.43 


LCP 


0.39 


40.23 


0.14 




2.59 


42.97 


0.25 




2.31 


43.33 


0.47 




0.73 


44.18 


0.46 


RCP 


0.29 


40.31 


0.31 




2.80 


42.93 


0.22 




3.25 


43.28 


0.62 




1.28 


44.18 


0.35 


LCP 


0.18 


53.89 


0.65 




0.08 


54.51 


0.64 


RCP 


0.14 


53.51 


0.50 




0.11 


54.15 


0.85 


LCP 


1.90 


53.82 


0.37 




1.19 


54.38 


0.77 




0.86 


55.49 


0.40 


RCP 


2.02 


53.58 


0.34 




2.72 


54.16 


0.61 




1.14 


55.42 


0.33 


LCP 


0.30 


52.33 


0.33 




0.89 


52.95 


0.28 


RCP 


0.25 


52.73 


0.43 




1.00 


53.35 


0.30 


LCP 


0.37 


52.63 


1.03 




1.71 


55.20 


1.04 




0.26 


56.58 


1.19 




4.02 


57.43 


0.31 




0.47 


63.05 


0.39 




0.95 


63.92 


0.20 


RCP 


0.64 


52.95 


1.01 




1.39 


55.46 


1.24 




1.16 


55.67 


0.70 




0.45 


56.84 


0.51 




5.58 


57.74 


0.36 




0.50 


63.17 


0.33 




0.55 


64.15 


0.31 


LCP 


0.29 


-19.10 


0.33 


RCP 


0.25 


-19.80 


0.30 


LCP 


1.05 


-19.29 


0.39 




0.46 


-18.60 


0.60 


RCP 


1.04 


-19.78 


0.44 




1.59 


-18.99 


0.34 


LCP 


0.38 


0.69 


0.27 




0.10 


1.30 


0.36 




2.57 


14.17 


0.29 


RCP 


0.18 


-0.37 


0.45 




3.64 


13.80 


0.26 


LCP 


0.12 


-0.76 


0.19 




0.42 


-0.13 


0.46 




1.41 


0.49 


0.26 




0.26 


1.10 


0.27 




0.15 


1.68 


0.32 




0.25 


2.11 


0.39 




0.14 


5.47 


0.39 



W48 6035 



G45. 122+0.133 6030 



6035 



W51 e/d 6030 



6035 



K3-50 6030 
6035 

ON 1 6030 



6035 



Table 2. continued. 
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Frequency 




Flux Density 


VLSR 


Av 


Source 


(MHz) 


Polarization 


(Jy) 


(kms l ) 


/i 1 \ 

(kms l ) 








0.09 


7.74 


0.21 








0.26 


12.59 


0.27 








2.06 


14.02 


0.65 








3.09 


14.52 


0.21 








0.68 


14.88 


0.37 








1.96 


15.44 


0.26 






RCP 


1.21 


-0.71 


0.26 








1.69 


-0.24 


0.32 








0.53 


0.47 


0.1 2 a 








0.29 


1.38 


0.26 








0.34 


1.82 


0.32 








0.47 


5.53 


0.39 








5.56 


13.81 


0.38 








15.91 


14.47 


0.30 








SB 4 C 


15.16 


0.13 


DR 20 


6030 


LCP 


1.43 


-10.92 


0.23 






RCP 


1.18 


-11.19 


0.22 




6035 


LCP 


1.96 


-11.02 


0.30 








6.26 


-9.64 


0.16 






RCP 


1.85 


-11.18 


0.37 








1.92 


-9.87 


0.33 


W75 N 


6035 


LCP 


0.44 


7.10 


0.34 








4.59 


7.65 


0.27 








1.78 


9.41 


0.26 






RCP 


0.58 


6.88 


0.38 








1.54 


7.52 


0.21 








4.06 


8.05 


0.35 








2.01 


9.67 


0.32 


W75 S 


6035 


LCP 


0.97 


-8.79 


0.12 a 








0.20 


-2.24 


0.21 








1.20 


3.46 


0.30 






RCP 


0.12 


-8.79 


0.40 








0.20 


-2.37 


0.30 








0.55 


3.20 


0.31 








0.21 


3.76 


0.52 


LDN 1084 


6035 


LCP 


0.19 


-62.84 


0.18 








1.24 


-61.51 


0.23 






RCP 


0.20 


-62.60 


0.29 








1.04 


-61.46 


0.29 


NGC 7538 


6030 


LCP 


0.10 


-59.12 


1.18 






RCP 


0.09 


-59.14 


1.06 




6035 


LCP 


1.64 


-59.34 


0.40 








0.20 


-58.89 


0.32 








0.06 


-58.74 


3.16 








0.09 


-56.91 


0.29 






RCP 


1.71 


-59.34 


0.48 








0.11 


-58.83 


0.38 








0.08 


-58.70 


2.95 








0.16 


-56.84 


0.29 



a FWHM is comparable to channel width. 

b Saturation of the autocorrelator prevented accurate determination of flux densities. See Sect. l3.2l for further details. 
c Untapered spectrum is contaminated by ringing, but there is insufficient spectral resolution to achieve a good fit of the maser 
parameters after Planning weighting. 
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List of Objects 

on p age 2 



Orion KLT on page 2 




G5.886-0.393l o n page 2 



G 10.624-0. 383 on page 2 
MlH on page 2 



G19.61-0.23t on page 2 



G28. 199-0.048 on page 2 
G30.589-0.044 on page 2 



W3(OH)T on page 2 



2 

RLec 



on page 2 
on pa ge 2 



IRC +102161 ' on page 2 
Ser AT on page 2 



SgrB2A£on_page 2 



G35.577-0.029r on page 2 



W48l 



on page 2 



G45. 122+0.131 on page 2 
W5T*e/df on page 2 



on page 2 



K3 



ON If o n page 2 



ON 2 NT on page 2 
PR 2(t on page 2 



W75 Nl on page 2 



W75 ST on page 2 
PR 2 If on page 2 



LPN 1084T on page 2 
S14] 
Cep 



on page 2 
I on p age 2 
NGC 75381 on page 2 



